Exposing myoblasts to basic fibroblast growth factor (bFGF), which is released after muscle injury, results in receptor phosphorylation, faster migration, and increased proliferation. These effects occur on time scales that extend across three orders of magnitude (10 0 -10 3 minutes). Finite element modeling of Transwell assays, which are traditionally used to assess chemotaxis, revealed that the bFGF gradient formed across the membrane pore is short-lived and diminishes 45% within the first minute. Thus, to evaluate bFGF-induced migration over 10 2 minutes, we employed a microfluidic assay capable of producing a stable, linear concentration gradient to perform single-cell analyses of chemokinesis and chemotaxis. We hypothesized that the composition of the underlying extracellular matrix (ECM) may affect the behavioral response of myoblasts to soluble bFGF, as previous work with other cell types has suggested crosstalk between integrin and fibroblast growth factor (FGF) receptors. Consistent with this notion, we found that bFGF significantly reduced the doubling time of myoblasts cultured on laminin but not fibronectin or collagen. Laminin also promoted significantly faster migration speeds (13.4 mm h
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Exposing myoblasts to basic fibroblast growth factor (bFGF), which is released after muscle injury, results in receptor phosphorylation, faster migration, and increased proliferation. These effects occur on time scales that extend across three orders of magnitude (10 0 -10 3 minutes). Finite element modeling of Transwell assays, which are traditionally used to assess chemotaxis, revealed that the bFGF gradient formed across the membrane pore is short-lived and diminishes 45% within the first minute. Thus, to evaluate bFGF-induced migration over 10 2 minutes, we employed a microfluidic assay capable of producing a stable, linear concentration gradient to perform single-cell analyses of chemokinesis and chemotaxis. We hypothesized that the composition of the underlying extracellular matrix (ECM) may affect the behavioral response of myoblasts to soluble bFGF, as previous work with other cell types has suggested crosstalk between integrin and fibroblast growth factor (FGF) receptors. Consistent with this notion, we found that bFGF significantly reduced the doubling time of myoblasts cultured on laminin but not fibronectin or collagen. Laminin also promoted significantly faster migration speeds (13.4 mm h
À1
) than either fibronectin (10.6 mm h
) or collagen (7.6 mm h À1 ) without bFGF stimulation. Chemokinesis driven by bFGF further increased migration speed in a strictly additive manner, resulting in an average increase of 2.3 mm h À1 across all ECMs tested. We observed relatively mild chemoattraction (B67% of myoblast population) in response to bFGF gradients of 3.2 ng mL À1 mm À1 regardless of ECM identity. Thus, while ECM-bFGF crosstalk did impact chemoproliferation, it did not have a significant effect on chemokinesis or chemotaxis. These data suggest that the main physiological effect of bFGF on myoblast migration is chemokinesis and that changes in the surrounding ECM, resulting from aging and/or disease may impact muscle regeneration by altering myoblast migration and proliferation.
Introduction
Muscle regeneration is mediated by both soluble and insoluble cues in the muscle microenvironment, which direct the behavior of myoblasts following injury. One such soluble cue, basic fibroblast growth factor (bFGF), is released following muscle injury; [1] [2] [3] bFGF levels are elevated in dystrophic muscle, as it is more susceptible to injury. 4, 5 Subsequent binding and such as cell-adhesion sites in the extracellular matrix (ECM), are recognized by specific integrin receptors and can have pronounced effects on myoblast behavior. For example, laminin promotes myoblast adhesion, migration, and proliferation. 17, 18 Laminin, fibronectin, and collagen (IV and V) are all components of the muscle ECM in vivo, 19 the composition of which changes over time as a result of aging and disease. 20 The signaling pathways downstream of integrin and growth factor receptors have many constituents in common; as a result, there are many opportunities for interactions between integrin and growth factor signals to further modulate cell behavior. 21 These interactions can result in a synergy that enhances growth factor activity. For example, previous studies have demonstrated that laminin and epidermal growth factor (EGF) interact synergistically to enhance myoblast migration and proliferation. 22 The increased chemoproliferation was hypothesized to be a consequence of the faster migration rate, since the daughter cells were observed to migrate away from one another much faster following division. Previous work with other cell types has suggested that crosstalk between integrin receptors and bFGF may exist. 23 For example, bFGF has been found to act as a ligand and bind directly to the fibronectinassociated a n b 3 integrin receptor. 24, 25 Based on these earlier studies, we hypothesized that insoluble ECM cues may synergistically interact with soluble bFGF to alter the chemokinesis, chemotaxis, and chemoproliferation of primary human myoblasts.
To evaluate this hypothesis, we utilized a microfluidic technology that enables longitudinal, quantitative, single-cell analysis of cell movement. Previous observations of myoblast migration in response to bFGF have been performed almost exclusively with Transwell assays, [8] [9] [10] [11] [12] [13] which were developed as a tool to assess cell chemotaxis. 26 However, Transwells fail to produce stable concentration gradients, which are necessary for quantitative analysis of chemotaxis. To determine the variation in the concentration gradient produced in a Transwell chamber at the cellular level (i.e., along the pore depth), we performed a longitudinal analysis of the soluble concentration gradient using finite element modeling (FEM). Our analysis revealed that the concentration gradient diminishes by 45% within the first minute of the assay. On average, we measured migration rates of around 0.2 mm min
À1
, which would require a minimum of 50 minutes for a cell to migrate through the 10 mm deep pores in a Transwell membrane, assuming the cell moved in a straight path. Another common challenge in the interpretation of data from Transwell experiments is that chemokinesis and chemoproliferation may be incorrectly interpreted as chemotaxis. 27 Thus, to independently evaluate bFGF-induced chemokinesis (an increase in random motility) and chemotaxis (an increase in directional migration) in myoblasts, we utilized a microfluidic assay capable of producing a stable, linear concentration gradient. 28, 29 In contrast to Transwell assays, which preclude direct visualization of cell migration, this microfluidic assay allows quantitative, single-cell measurements of migration speed and direction through the use of timelapse microscopy. Although previous studies using Transwell assays reported bFGF as a chemoattractant, [8] [9] [10] [11] [12] [13] our studies revealed that bFGF promoted only weak chemotaxis in primary human myoblasts. In contrast, bFGF stimulated relatively strong chemokinesis, indicating that the dominant effect of bFGF on myoblast migration is chemokinesis, not chemotaxis. These results, combined with the FEM analysis of the instability of the concentration gradient produced by Transwell assays, indicate that Transwells are not an appropriate method for evaluating chemotaxis. Our microfluidic approach allowed us to not only decouple chemokinesis from chemotaxis, but also to study how the ECM modified those behaviors. We found that ECM identity had significant crosstalk effects on bFGF-induced chemoproliferation. In contrast, ECM identity and bFGF stimulation effects were strictly additive for chemokinesis and chemotaxis, suggesting that crosstalk does not impact changes in migratory behavior that occur in response to bFGF stimulation.
Materials and methods

Primary human myoblast isolation and culture
De-identified muscle samples were collected from patients during surgical treatment at Stanford University Hospital in accordance with the Human Subjects Committee of Stanford University guidelines. Primary human myoblasts were isolated from these samples as previously described. 30 Myoblasts were plated onto 15 cm polystyrene dishes coated overnight at 37 1C with a 22 mg mL À1 collagen solution (Sigma, C-8919). The cells were cultured in skeletal muscle cell growth medium (SkGM) supplemented with human epidermal growth factor (EGF), dexamethasone, gentamicin/amphotericin-B, fetuin, insulin, and bovine serum albumin provided in the SkGM Bullet Kit (Lonza, CC-3160); cell medium was changed every other day. HyQtase (Thermo Scientific, SV3003001) was used to dissociate cells from polystyrene dishes. All migration studies were performed in a modified version of SkGM where EGF was removed. Myoblasts were not used for experiments beyond passage six.
Western blot
Myoblasts were exposed to bFGF for 0 (not exposed), To create the geometry for Transwell assay simulations, pore dimensions of an 8 mm diameter and a 10 mm height (the thickness of a polyester or polycarbonate membrane) were used. Both the number of pores per insert and the distance between pores were estimated using a known pore density of 1 Â 10 5 pores per cm and a membrane growth area of 0.33 cm 2 . The heights of the fluid columns above and below the membrane were estimated by dividing the total volume of the upper and lower chambers (0.1 mL and 0.6 mL, respectively) by the total number of pores. To create the geometry for microfluidic device simulations, a two-dimensional, top-down projection of the device dimensions was employed. Verification of gradient formation within the microfluidic device was performed by perfusing the source channel with 1 mM solutions of fluorescently labeled dextran (10 kDa, R H = 23 Å, Sigma, D1828) and imaging the cell culture chamber (CCC) at the end of each 14 h experiment. Gradient formation was verified for each chemotaxis experiment, and only data collected from studies with a gradient matching the 3.2 ng mL À1 mm À1 slope predicted by FEM were included in the overall analyses.
Microfluidic device fabrication
The microfluidic device was designed using AutoCAD software (Autodesk, Inc., San Rafael, CA) and fabricated according to standard soft lithography methods 32 by the Stanford Microfluidics Foundry as previously reported. 28 Briefly, the device design was printed onto mylar masks and transferred to a 4-inch silicon wafer with positive relief features by crosslinking a negative photoresist (SU-8, MicroChem Corp.) with ultraviolet light exposure. The surface of the SU-8 master was coated with 3-aminopropyl trimethoxysilane (Sigma, St. Louis, MO). A 10 : 1 mixture of Sylgard 184 monomer and hardener (polydimethylsiloxane (PDMS), Dow Corning, Corning, NY) was poured over the SU-8 master and degassed under vacuum for 30 min. The PDMS was then cured at 65 1C for a minimum of 2 h before releasing and creating inlet and outlet holes using a biopsy punch (Syneo Corp., Angleton, TX). Devices were bonded to the glass surface of Lab-Tek chamber slides (Thermo Scientific, 154461) using oxygen plasma (SPI Plasma Prep III Plasma Etcher, West Chester, PA) and heated at 60 1C for 20 min to strengthen and accelerate bonding.
Chemotaxis and chemokinesis assays
Microfluidic devices were prepared by rinsing first with 70% ethanol and then with PBS. Devices were coated with Type I collagen, laminin, or fibronectin overnight at 37 1C before rinsing with PBS and filling with modified SkGM. Primary human myoblasts at a concentration of 1.0 Â 10 6 cells per mL were suspended in SkGM and gently seeded into the cell culture chamber (CCC) through cell-seeding ports using a 10 mL pipetter. Devices were placed in an incubator at 37 1C and 5% CO 2 for 2 h to allow cells to adhere before sealing the cell-seeding ports with plugs (Instech Laboratories, Inc., SP20/12) and connecting tubing to inlets. For chemotaxis experiments, modified SkGM was introduced into the sink inlets using 100 mL syringes (Hamilton, 201797), while modified SkGM plus bFGF (11 ng mL À1 ) and 10 kD Texas Red dextran (1 mM) were introduced into the source inlets. For chemokinesis experiments, source and sink channels were both filled with modified SkGM with or without bFGF (5 ng mL À1 ). Syringes were driven at a flow rate of 0.6 mL h View Article Online environmental control chamber operating at 37 1C and 5% CO 2 .
Images from the first 2 h were not included in the data analysis to ensure stable gradient formation, which was confirmed by imaging fluorescently-labeled dextran as described above. Myoblast migration was analyzed using MTrackJ, 33 a manual cell-tracking plugin for the NIH ImageJ software. Cell speed and chemotactic index were quantified from position data using the Chemotaxis Tool plugin (Ibidi, Martinsried, Germany), which was also used to create compass plots of cell tracks and angular histograms.
Results and discussion
Cellular responses to bFGF stimulation occur across various time scales
Basic FGF stimulation has been reported to mediate myoblast behavior with regards to differentiation, migration, and proliferation. 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] The time scales over which cellular responses to bFGF stimulation are observed range from minutes, to hours, and even days. Within minutes of bFGF stimulation and binding, fibroblast growth factor receptor-1 (FGFR1), a receptor tyrosine kinase, is known to dimerize and autophosphorylate. 7, 31, 34 Consistent with previous reports, 7 we observed receptor phosphorylation at short time scales after exposing myoblasts to bFGF, with maximum phosphorylation occurring as early as 5 min postexposure (Fig. 1A, Fig. S1 , ESI †). Despite the short-lived effects of bFGF on FGFR1 phosphorylation, bFGF stimulation has long-lived consequences for cell behavior. For example, changes in myoblast migration are observed hours after stimulation. To assess the effect of bFGF stimulation on cell migration, we first employed the traditionally used Transwell assay, which consists of an insert with a porous membrane culture substrate. After seeding cells onto the membrane, the insert was placed into a well containing bFGF for 6 h. The number of cells that migrated across the membrane towards the bFGF source was enumerated at the end of the study. The Transwell assays indicated that bFGF enhanced migration, with peak migration occurring when a source concentration of 5 ng mL À1 bFGF was used to stimulate cells (Fig. 1B) .
Other studies have also revealed enhanced migration in response to bFGF using the Transwell platform, although the reported peak concentration varied between 1-100 ng mL À1 [ref. 8, [10] [11] [12] [13] 15] .
In contrast to the hours-long migration studies, the mitogenic (i.e., proliferative) effect of bFGF occurs on a time scale of days, as shown by a decrease in doubling time for myoblasts exposed to 25 ng mL À1 bFGF compared to unstimulated cells (Fig. 1C) .
Previous studies have reported a 10-fold increase in the number of murine skeletal myoblasts after 7 days of bFGF stimulation compared to untreated cells. 15 Although chemoproliferative effects can confound the results of Transwell assays, the doubling times observed (38-62 h) were much longer than our 6 h Transwell study, and therefore should not have affected our interpretation of the migration data. While the mitogenic effect of bFGF on myoblasts has been reported, [14] [15] [16] it is unknown how the underlying matrix might affect bFGF-induced mitogenesis. Previous research has suggested that bFGF may interact or crosstalk with specific integrin receptors. [23] [24] [25] These data led us to hypothesize that the composition of the underlying ECM, and hence the types of integrin receptors engaged, might arbitrate how cells respond to bFGF stimulation. We examined how the underlying matrix affected mitogenesis by culturing myoblasts on glass coverslips coated with laminin, fibronectin, or Type I collagen. We found that the ECM identity had a significant effect on chemoproliferation.
Myoblasts cultured on laminin exhibited a statistically significant reduction in doubling time with the addition of bFGF, whereas myoblasts cultured on fibronectin and collagen did not. This finding confirmed our notion that matrix-bFGF crosstalk impacted chemoproliferation, and it encouraged us to look for additional matrix-dependent responses to bFGF in the form of chemokinesis and chemotaxis.
Microfluidic device to quantify chemokinetic and chemotactic responses to bFGF
To assess the impact of the underlying substrate on bFGFinduced myoblast migration, we employed a microfluidic device comprised of a polydimethylsiloxane (PDMS) layer bonded to thin coverslip glass ( Fig. 2A and B) . In contrast to the Transwell 
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assay, which prevents visualization of cell migration across the membrane, the microfluidic device allows direct imaging of myoblast migration over time. As a result, the device enables individual cell tracking, which makes it possible to quantify migration speed and directionality at both the population and individual-cell levels. Cells are seeded in a 1 mm wide cell-culture chamber (CCC) at the center of the device. The CCC is flanked by two arrays of micro-capillaries, which increase fluidic resistance and prevent fluid flow and the generation of shear forces within the CCC. 28 The absence of fluid flow within the CCC makes it easy to adapt the device to observe the behavior of loosely adherent cells 29, 35 or cells in 3D matrices. 36, 37 Channels on either side of the arrays are perfused with medium, such that the direction of fluid flow runs perpendicular to the microcapillaries. These channels are fed through their two inlets simultaneously by the same syringe pump to ensure equal flow rates. For chemokinesis assays, both outermost channels were filled with media containing either no bFGF or media containing 5 ng mL À1 bFGF ( Fig. 2A) , where the bFGF concentration was chosen based on results obtained from Transwell assays. For chemotaxis assays, media containing no bFGF was perfused into the ''sink'' channel, while media containing 11 ng mL À1 bFGF was perfused into the ''source'' channel, thus creating a stable, linear concentration gradient that ranged from 3.8-7.0 ng mL À1 bFGF across the CCC (Fig. 2C) . The concentration gradient was determined computationally using a finite element modeling software package (COMSOL) and validated experimentally using a 10 kDa fluorescent dextran (Fig. 2C, lower panel) . Unlike Transwell assays, which are commonly used to assess the chemotactic response of mammalian cells to a chemokine, the microfluidic chamber creates predictable concentration gradients that are stable over long time periods; the gradient generated by the microfluidic device remained stable for 414 h. 37 For comparison, we performed an engineering analysis of the gradient produced by the traditional Transwell assay. Finite element simulations revealed that the gradient across the Transwell membrane diminishes by 45% within the first minute of the assay and is almost completely absent after 6 h (Fig. 3) . Both the transiency and the variability of the Transwell gradient may be problematic for chemotaxis studies, as previous work has shown that gradient steepness can affect the chemotactic response of mammalian cells. [38] [39] [40] Measurements of bulk concentrations in Transwell chambers give a deceptive indication of gradient stabilization, as the large volumes used in the upper and lower chambers (0.1 and 0.6 mL, respectively) dilute the flux of growth factor across the membrane making changes difficult to detect (Fig. S2 , ESI †). These measurements do not accurately represent the concentrations presented to cells, which are located at the membrane. Furthermore, because Transwell assays prohibit direct imaging of cell migration, they can only provide a qualitative, population-based measurement of cell migration that does not distinguish between chemoproliferation, chemokinesis, and chemotaxis. While the 'checkerboard' View Article Online method (i.e., reversing the media concentrations in the upper and lower chambers as an experimental control in Transwell studies), effectively reverses the gradient direction, the distinctly different volumes in the upper and lower chambers can result in different average growth factor concentrations across the membrane. For example, when the source is supplemented into the upper vs. the lower chamber the steady state concentration is 14% of the original source concentration, compared to 86% when the lower chamber is supplemented. The loss of gradient across the Transwell membrane indicates that differences in migration occurring after 6 h are a result of concentrationdependent chemokinesis and not chemotaxis. These limitations can confound results when attempting to quantify chemokinesis or chemotaxis independently, and they may obscure any behavior that primarily occurs in only a subset of the population. In contrast, the microfluidic device presented here provides quantitative, single-cell measurements for both chemokinesis and chemotaxis evaluation.
Basic FGF has an additive effect on myoblast migration rates, which are regulated by the extracellular matrix
To assess the chemokinetic activity of bFGF, we initially seeded myoblasts in static-culture, chamber-slides coated with fibronectin. Time-lapse microscopy revealed no significant difference between the migration speeds of myoblasts cultured in media with and without bFGF supplementation (5 ng mL À1 ) (Fig. 4A) . However, when a media exchange was used to expose the cells to fresh bFGF immediately prior to imaging, a significant increase in migration speed was observed. These results suggest that the concentration of active bFGF decreases over time as a result of degradation [41] [42] [43] or cell uptake. 34, 42, [44] [45] [46] [47] To circumvent these issues, we repeated the chemokinesis assays utilizing the microfluidic device, which enables constant perfusion of fresh bFGFcontaining medium into the CCC. The results were similar to those obtained by refreshing the bFGF-supplemented media in the chamber-slide, demonstrating that the microfluidic device provided a suitable cell culture platform for chemokinesis studies. Next, we compared bFGF-induced chemokinesis on three different ECM substrates (laminin, fibronectin, and Type I collagen) using the microfluidic device. Although Transwells are sometimes coated with ECM proteins for what are commonly referred to as invasion assays, 48,49 the combinatorial effect of matrix and growth factor on cell migration is rarely explored. Unlike Transwells, the device is amenable to quantification of protein adsorption on the surface of the CCC as a function of protein concentration per area (Fig. S2, ESI †) . In the absence of bFGF, myoblasts exhibited significantly higher migration speeds on laminin (13.4 mm h
À1
) compared to fibronectin (10.6 mm h À1 ) (Fig. 4B ). This observed trend is consistent with a previous study of MM14 cells (a myogenic cell line derived from mouse skeletal muscle), which exhibited faster migration speeds on laminin (20 mm h À1 ) compared to fibronectin. 18 In contrast, migration on Type I collagen exhibited significantly slower speeds (7.6 mm h À1 ) than laminin or fibronectin. These differences are presumably a result of the 
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The addition of a uniform concentration of 5 ng mL À1 bFGF prompted significantly higher migration speeds for each of the different matrices (Fig. 4B) . However, the net increase in myoblast migration speed with bFGF stimulation did not change significantly between the three matrices tested (Fig. 4C) . Therefore, the chemokinetic effect of bFGF stimulation is strictly additive, and matrix identity does not influence bFGF-induced increases in migration speed.
Basic FGF produces mild chemoattraction above a minimum concentration threshold
Microfluidic devices were employed to assess the potential bFGF-induced chemotaxis of myoblasts, independent of the potentially confounding effects of chemokinesis or chemoproliferation. Myoblasts were seeded in the CCC of the microfluidic device, and the source and sink channels were perfused with media containing 11 and 0 ng mL À1 bFGF, respectively, to create a stable, linear gradient across the CCC (Fig. 2) . The glass surface of the CCC was coated with laminin, fibronectin, or Type I collagen to explore the effects of any potential interactions between the ECM and bFGF on chemotaxis. Time-lapse microscopy was used to track cell positions over time; images of cell position were collected every 15 min over a 14 h time period after allowing time (B2 h) to establish a stable gradient. Images of the 1 mm wide CCC were discretized into 250 mm regions referred to as G1, G2, G3, or G4, which correlate with gradients of 3.8-4.6, 4.6-5.4, 5.4-6.2, and 6.2-7.0 ng mL À1 , respectively.
Thus, each 250 mm region has a different concentration range but an identical gradient slope of 3.2 ng mL À1 mm
À1
. Individual cell tracks were categorized as belonging to either G1, G2, G3, or G4 based on their initial position within the CCC. The chemotactic index is defined as the net distance the cell migrated in the direction of the gradient, divided by the total accumulated distance. Single-cell level measurements were calculated for individual cells and are depicted in Fig. 5A as individual black dots, while population averages are indicated by red lines. For each ECM substrate, two control experiments were performed: (1) cell migration in the absence of bFGF, denoted as (-) and (2) cell migration within a uniform bFGF concentration of 5 ng mL À1 , denoted as NG for no gradient. A chemotactic index of zero implies random migration, whereas a positive chemotactic index indicates the presence of a chemoattractive response. The maximum chemotactic index possible is 1 and would indicate that the cell traveled in a direct line towards the chemokine source: a typical maximal chemotactic index for a cell population is around 0.7.
55 Conditions with population means statistically different from zero (one-sample t-test, p o 0.01) were considered chemotactic. For myoblasts migrating along a laminin-coated substrate, a mild chemotactic response was observed in G4 only, with a mean chemotactic index of 0.11. Similar results were observed for myoblasts on fibronectin, with a mean chemotactic index in G4 of 0.08. The collagen substrate also exhibited similar trends, however, statistically significant chemoattraction was observed in both G3 and G4 with means of 0.08 and 0.11, respectively. ) and without bFGF supplementation using time-lapse microscopy. The bFGF-supplemented medium was delivered using three different methods: (1) without any replenishment, (2) replenishment immediately before imaging, and (3) 
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The distribution of cell migratory directions is illustrated by an angular histogram (Fig. 5B) . Here chemotaxis is evaluated using the Rayleigh Test for Vector Data (RTVD), 56, 57 which examines the uniformity of a circular distribution taking into account distance from the origin, where p o 0.05 indicates an asymmetric distribution of cells. Thus, a circular distribution would indicate a lack of response, (i.e. random migration direction) whereas a non-circular distribution oriented towards the source would indicate chemoattraction. Consistent with the chemotactic index analysis, chemoattraction is observed at bFGF concentrations greater than 6.2 ng mL À1 on laminin and fibronectin, and greater than 5.4 ng mL À1 on collagen. Thus, these data suggest that the minimum bFGF concentration to induce myoblast chemotaxis is around 6.2 ng mL
À1
, which is higher than the concentration required for myoblast chemokinesis (B5 ng mL
).
To confirm this finding in an independent set of experiments, we altered the bFGF concentration in the source and sink channels to increase the concentration range while maintaining the slope of the gradient at 3.2 ng mL À1 mm
. Angular histograms illustrate the distribution of migration direction for myoblasts in laminin-coated devices with source and sink concentrations of 11 and 0 ng mL À1 bFGF (Fig. 6 , top panel) and 16 and 5 ng mL À1 (Fig. 6, bottom panel , and 7.7-8.5 ng mL
, respectively. We expected that shifting the concentration range to slightly higher concentrations would result in chemotaxis across more of the device. As expected, we observed statistically significant chemotaxis in regions G3 0 and G4 0 . These data confirm that while significant chemokinesis , a higher threshold concentration is required to initiate chemotaxis.
The chemotactic response occurs on a time scale of hours
Another advantage of using a microfluidic device to analyze cell migration is the ability to perform time-based, single-cell analyses that would be difficult with an end-point assay such as the Transwell. Tracks for individual myoblasts migrating on a laminin-coated surface in the G4 gradient (6.2-7.0 ng mL À1 bFGF) are displayed over time (Fig. 7 , top panel) with corresponding angular histograms (Fig. 7, bottom panel) . At short time scales (i.e., 0.25 h), the distribution of cell migration is random as expected. As time progresses, the distribution slowly shifts towards the bFGF source, until chemoattraction becomes statistically significant at 6 h. Thus, a stable gradient must be present for at least 6 h to accurately observe bFGF-induced myoblast chemotaxis. Longer time periods (10 and 14 h) appear to slightly enhance the chemotactic response, as the asymmetry in the View Article Online angular histogram becomes more pronounced. However, even at 14 h a subset of myoblasts (33%) does not respond to the bFGF gradient, as evidenced by examination of the traces of individual cell paths (Fig. 7, top right panel) . These data demonstrate the importance of longitudinal, single-cell analysis when quantifying chemotactic behavior and further emphasize that the short-term concentration gradients formed by Transwell assays are insufficient for identifying chemotactic behavior.
Conclusion
Despite short-term receptor activation, which occurs within minutes, bFGF exposure has long-term effects on myoblast behavior, including chemotaxis, chemokinesis, and chemoproliferation. These latter effects require observation over hours and even days after initial bFGF exposure to accurately quantify. It is important to consider the time scale on which these behaviors occur when choosing an appropriate analysis method. While the commonly used Transwell insert provides a useful, simple assay that allows researchers to test for enhanced migration in response to a chemokine, the rapid decline of the concentration gradient at the cellular length scale (Fig. 3) makes it an inappropriate method to evaluate chemotaxis. This is especially true for slow-moving cells like myoblasts, which required 6 h before significant bFGF-induced chemoattraction could be observed (Fig. 7) , and for assays using growth factors with activity that diminishes over time (Fig. 4A ). While Transwell assays may not be suited for chemotaxis measurements, they offer a valuable tool for quickly assessing the dose-dependent chemokinetic response of cells over a wide range of concentrations, as chemokinesis does not require the presence of a concentration gradient (Fig. 1) . We used a microfluidic device to create a stable gradient that was compatible with the long time-scales required to observe bFGF-induced chemotaxis in primary human myoblasts. The chemotactic response that we observed was relatively mild; 67% of cells exhibited net movement towards the bFGF source, and it required a minimum threshold concentration around 6.2 ng mL
À1
. In contrast, we observed robust chemokinesis at a bFGF concentration of 5 ng mL
, which is below the observed threshold concentration needed to initiate chemotaxis. While the underlying ECM substrate did alter the migration speed of myoblasts, it did not significantly affect bFGF-induced chemotaxis or chemokinesis. Conversely, bFGF-induced chemoproliferation did exhibit crosstalk with ECM signaling, as the doubling time of myoblasts cultured on laminin, but not fibronectin or collagen, was significantly reduced upon bFGF treatment.
Together, these data indicate that changes in the surrounding ECM as a result of aging and disease may impact muscle regeneration by affecting the proliferative and migratory potential of myoblasts. It also suggests that chemotaxis is not the main physiological role of bFGF and that other growth factors, either alone or in combination with bFGF, are required to initiate directed migration following muscle injury. Deconvolution of the individual contributions that soluble (e.g., bFGF) and insoluble (e.g., ECM) cues within the microenvironment make to muscle regeneration will help to inform future therapies for treating conditions such as sarcopenia and muscular dystrophy. Importantly, these types of quantitative biological discoveries require experimental methods that are compatible with the time-scales of the cellular behavior of interest. Our engineering analysis has shown that, despite their widespread use, Transwell assays create an ever-changing gradient that becomes too shallow to invoke directional migration after 6 h. Coupled with our longitudinal studies, we discovered that it may take as long as 6 h to observe significant chemotaxis in slow-moving cells, such as myoblasts. Together, these analyses suggest that the gradient time-scale within a Transwell assay is insufficient to accurately evaluate chemotaxis in some mammalian cell types. In addition to providing a stable concentration gradient, our studies demonstrated that microfluidic devices could provide longitudinal, quantitative, single-cell analyses of mammalian cell migration in response to soluble and insoluble cues that would not have been possible using traditional methods. These studies highlight the importance of selecting experimental methods that are compatible with the time scales of the cellular behavior of interest and applying technological innovation to develop new experimental methods when necessary.
